As new members of the sesquiterpenoid family, echinopines A and B were found to possess an unprecedented [3/5/5/7] carbon framework, which has stimulated considerable interest among the chemistry community since their isolation. This review article documents chronologically the steps towards chemical synthesis of the echinopine sesquiterpenoids, showcasing different strategies by resorting to the toolkit of organic chemistry.
Introduction
Throughout the long research history of natural products, the terpenoids constitute the largest family, with the most diversified structures created by Mother Nature. Notable features associated with their chemical structures and therapeutic applications have made them a permanently pursued theme among the synthetic chemists worldwide [1, 2] .
Echinopines A (1) and B (2) (Figure 1 ), two closely related sesquiterpenoids with remarkable architectural novelties, were isolated from the roots of Echinops spinosus by Shi, Kiyota, and coworkers in 2008 [3] . Based upon spectroscopic analyses, the structures of echinopines A (1) and B (2) were established as shown in Figure 1 , which represents the first example of a unique [3/5/5/7] carbon framework. Biogenetically, the unprecedented skeleton of echinopine sesquiterpenoids was proposed to originate from a guaiane-type precursor 3 (Scheme 1) [3] . Key steps concerning their biosynthetic pathways involved a C11→C13 rearrangement followed by successive C15-C13 and C13-C4 bond formations. In spite of the lack of reported biological activities, echinopines attracted many synthetic interests immediately by their novel structures. Thus far, five successful total syntheses [4] [5] [6] [7] [8] , together with two interesting formal syntheses [9, 10] , have been achieved. To the best of our knowledge, a logical summary concerning this topic is missing in the literature. This review aims to highlight these accomplishments described to date towards the fascinating echinopine sesquiterpenoids.
Chemical synthesis of echinopines

Magauer-Tiefenbacher's total synthesis of (+)-echinopines A and B
The first total synthesis of (+)-echinopines A and B was reported by Magauer, Mulzer, and Tiefenbacher in 2009 [4] . Their approach features an intermolecular cyclopropanation to form the cyclopropane, as well as a ring closing metathesis (RCM) to construct the seven-membered ring. As illustrated in Scheme 2, the precursor 8 could be synthesized from the known optically pure bicyclic intermediate 9. The synthesis commenced with the preparation of bicycle 9 from 1,5-cyclooctadiene based on the literature method [11] . Subsequent Peterson olefination [12] and reduction of the ester afforded allylic alcohol 10 (Scheme 3). Transformation of 10 to the requisite terminal alkene was secured by a Myers' [3,3]-rearrangement protocol [13] , which was followed by removal of acetal protection, resulting in the unmasked ketone as a separable diastereomeric mixture (3.5:1). The major and desired isomer 11 was subjected to allylation and epimerization to furnish the key intermediate 8. Ring closing metathesis of the latter under the conditions of Grubbs II catalyst generated the [5/5/7]-tricyclic framework 7 (84%).
The remaining task was to introduce the side chain and cyclopropane unit. To this end, the authors developed two routes to the advanced intermediate 14; the shorter one is shown in Scheme 3. Specifically, palladium-catalyzed coupling reaction of the corresponding vinyl triflate derived from 7 with (1methoxyvinyloxy)trimethylsilane [14] provided ester 12.
Regioselective cyclopropanation [15, 16] , followed by epoxidation and LiAlH 4 reduction, delivered the tetracyclic diol 14. After global oxidation, Wittig methylenation of the resulting ketone ultimately led to the production of (+)-echinopine A (1), which could be converted to (+)-echinopine B (2) on exposure to diazomethane. The absolute configuration of echinopines was determined through the synthesis, together with a single crystal X-ray diffraction analysis of 1. Thus, the first synthesis of enantiomerically pure echinopine sesquiterpenoids was achieved starting from the known bicyclic compound 9. The highlight of this pioneering approach was embodied in forging of the seven-membered ring by RCM to access the bridged core structure.
Nicolaou-Chen's total synthesis of echinopines A and B
Shortly after the first total synthesis, Nicolaou, Chen and coworkers reported their endeavors on echinopine synthesis [5] . The retrosynthetic analysis is outlined in Scheme 4, which relied on an intramolecular cyclopropanation and a SmI 2 -mediated [17] ring closure to establish the crucial cyclopropane and cycloheptane, respectively. The functionalized cyclopentyl allylic alcohol 19 was prepared by a ring contraction process from the commercial cyclohexenone (18) at the beginning stage of the synthesis (Scheme 5). Compound 19 could be further transformed into the unsaturated carboxylic acid 20 through Jonson-Claisen rearrangement [18] , followed by saponification. The latter was then subjected to homologation and subsequently reacted with p-ABSA to give the key intermediate 17.
As anticipated, the intramolecular cyclopropanation of diazo 17 took place smoothly with catalytic Rh 2 (OAc) 4 , affording the [3/5/5] tricyclic system (22) as a single isomer in 70% yield.
Further functional group manipulations of 22, including Stille coupling of enol triflate with hydroxymethylstannane 24 and a stereocontrolled hydrogenation, furnished aldehyde 26. Next, Horner-Wadsworth-Emmons reaction of the aldehyde followed by reduction of the resultant ,-unsaturated ester and deprotection of PMB afforded diol 27. After oxidation of diol to keto aldehyde 16, the stage was set for the intramolecular pinacol coupling. Consequently, the core structure 29 was successfully established (as a single diastereoisomer) under the conditions of SmI 2 -HMPA, through the proposed transition state 28.
Having the tetracyclic framework 29 secured, the final stage of the synthesis was relatively easy. Oxidation of the secondary alcohol followed by removal of the tertiary acetate mediated by SmI 2 gave rise to ketone 31. Prior to homologation of the side chain, an exocyclic olefin was installed through Tebbe olefination. A routine procedure was then applied to convert alcohol 32 to aldehyde 33 with homologation of one more carbon. Finally, echinopine A (1) was obtained after oxidation of the aldehyde to acid by using NaClO 2 , while echinopine B (2) was realized by further esterification. The synthesis was achieved in both forms employing enantiomeric or racemic intermediate 19 [5] .
Chen's synthesis of echinopines A and B
Continuous studies by Chen and co-workers led to a conceptually different approach [9] to the intriguing sesquiterpenoids compared with the aforementioned synthesis. Inspired by the biosynthetic proposal [3] , a [5/6/7] carbocyclic framework (i.e., the hypothetical intermediate 6, Scheme 1) was associated with the planned chemical synthesis of echinopines A (1) and B (2) . In this context, a ring contraction event could enable the central [5/5/7] core of the natural products. As shown in Scheme 6, the desired [5/6/7] tricyclic system 34 was envisioned to be constructed from the linear substrate 35 by a palladium-mediated cycloisomerization/ intramolecular Diels-Alder cycloaddition sequence. To access the acyclic precursor 35, a crucial Hosomi-Sakurai reaction [19] was realized between allylsilane 36 and aldehyde 37 in the presence of TiCl 4 ; and the resulting alcohol (dr = 3: 1) was silylated to afford 38 (Scheme 7). Subsequent functional group manipulations could smoothly give rise to the enyne 35. Upon treatment of 35 with Pd(OAc) 2 /PPh 3 at 80ºC, the diene enoate 39 was detected, which could be further converted into the tricycle 34 (75%) in one-pot with prolonged heating at 160ºC by intramolecular Diels-Alder cycloaddition. A selective endo-cycloaddition was observed, while the configuration at C10 proved to be insignificant for the stereochemical outcome of the sequence.
Further elaboration commenced with a two-step reduction (DIBAL-H; H 2 /PtO 2 ) of 34 with high efficiency. The hydroxymethyl group in compound 40 was converted to ketone 41 through the sequence of iodination, elimination, and oxidative cleavage. Preparation of an epoxy ketone would be the next task, which was envisaged to serve as the appropriate substrate for the corresponding ring contraction process. After introduction of enone via the well-established selenation/oxidative elimination sequence, 42 underwent epoxidation by treatment with H 2 O 2 /NaOH, furnishing epoxy ketone 43. Based on the method of Sheldon [20] , keto aldehyde 44 was obtained from 43 in the presence of montmorillonite K10, which after basic aqueous workup, resulted in deformylation to provide tricyclic ketone 45 (71%) together with the TBS deprotection product (23%). Finally, global desilylation (TsOH, 83%) followed by dehydration using Martin's sulfurane delivered the known intermediate 7 [4] , constituting a formal synthesis of echinopines A (1) and B (2) . In addition, an auxiliary-based aldol reaction strategy provided the same intermediate 38 in its optically active form, thus enabling an asymmetric version of this synthetic approach [9] .
Alternatively, Chen's group developed a novel endgame towards echinopines starting from intermediate 43 [6] , which for the first time showcased the [5/7]→[3/5/5/7] ring-forming sequence by a bio-inspired late-stage intramolecular cyclopropanation strategy (Scheme 8). With an improved synthesis of epoxy ketone 43, an Eschenmoser fragmentation [21] was envisioned to realize the bond cleavage. As such, alkynyl ketone 46 was obtained via treatment with TsNHNH 2 followed by acidic workup, setting the stage for [5/7]→[3/5/5/7] skeletal conversion. Prior to that, oxidation of the hydroxyl group followed by subsequent double methylenation of the diketone afforded diene-yne 47. The cycloisomerization precursor 48 was produced by a lithium chemistry to introduce the terminal hydroxymethyl group. After extensive investigations, the conditions reported by the group of Trost [CpRu(PPh 3 ) 2 Cl, CSA, In(OTf) 3 ] [22] was revealed to be successful to furnish the tetracycle 33 with a modest yield. Lastly, echinopines A (1) and B (2) could be formed through the same procedures as described before.
Liu & Kin
Central to Chen's novel approach towards echinopines was the use of two transition-metal-catalyzed enyne cycloisomerizations. Especially the ruthenium-mediated intramolecular cyclopropanation was successfully demonstrated in a complex molecular system, which resembled the late-stage bond formations in the proposed biosynthetic pathway for the echinopine framework. Scheme 8: Synthesis of echinopines by a bio-inspired strategy.
Vanderwal's synthesis of echinopine B
Another synthesis of echinopine B (2), employing a bio-inspired conversion of a cis-guaiane precursor bearing a [3/5]-bicycle into the [3/5/5/7] skeleton, was achieved by the team of Vanderwal in 2012 [7] . While the core of echinopines was established through an enyne cycloisomerization [23] from 50/51, the bicyclic 52 was accessible by an annulation of cycloheptenone 53 (Scheme 9).
Starting from ketone 54, a standard ring expansion process was carried out to generate the -substituted cycloheptenone 53 with a 46% overall yield (Scheme 10). Since the one-step annulation by Piers protocol [24] was unsuccessful, the group adopted a stepwise procedure, beginning with installation of a vinyl chain through conjugate addition of cuprate 55 (dr = 6.5:1). The relative stereochemical outcome between the two centers could not be fully determined by NMR spectroscopy at this stage. The synthesis was continued by transforming the silyl ether into tosylate ester 56 before the annulation took place. Under the condition of LDA, the cis-fused bicyclo[5.3.0]decane 52 was prepared in 25~40% yield, along with a near 30% recovery of the starting material. After Wittig olefination of compound 52, the resultant ester was subjected to DIBAL-H reduction, followed by treatment with Ohira-Bestmann reagent [25] , leading to the diene-yne 58 as a mixture of diastereomers (4.5:1). A control experiment indicated epimerization occurred under the Ohira-Bestmann conditions. With bicyclic 58 in hand, the terminal alkyne was then functionalized to propargylic ether 50 upon exposure to n-BuLi/MOMCl. The key cycloisomerization was realized in the presence of PtCl 2 [26] , delivering the tetracyclic core of echinopine in 56% yield. On the basis of the successful cyclopropanation, it could be concluded that the conjugate addition (53→56) might give the undesired stereoisomer predominantly, which was corrected during the alkynylation to enable the desired cycloisomerization. Since the two-carbon chain was attached to the core as an enol ether, a direct oxidation using PCC formed the methyl carboxylate [27] , providing racemic echinopine B. Alternatively, a propargylacetal 51 was introduced from 58, and its cycloisomerization could straightforwardly afford echinopine B, although with less efficiency (10~20% yield).
By use of the enyne cycloisomerization, together with a facile synthesis of [5/7]-bicyclic system 52, Vanderwal's accomplishments provided a very concise solution to the synthetic issue of echinopines.
Liang's synthesis of echinopines
Liang and co-workers described a new synthesis of echinopines in 2013 [8] , taking advantage of an intramolecular 1,3-dipolar cycloaddition and ring contraction sequence for the core construction. From a retrosynthetic viewpoint, the cis-fused bicyclo[5.3.0]decane system (61) could be formed through a tandem aldol-Henry reaction, followed by a Tiffeneau-Demjanov rearrangement (Scheme 11) [28] .
In the forward synthesis, an aldol-Henry cascade between 4nitrobutanal 62 and ketone 54 was employed as the launch point, with subsequent oxidation of the resulting secondary alcohol, giving access to trans-decaline 63a and 63b as a pair of isomers (Scheme 12). The undesired 63a could be epimerized to 63b upon treatment with Et 3 N, which offered a scalable and efficient preparation of 63b from the commercially available 54. After ketone protection and nitro reduction, subjecting amine 64 to the Tiffeneau-Demjanov rearrangement conditions [29] Several conventional transformations were involved before the designed 1,3-dipolar cycloaddition took place. Specifically, Wittig methylenation of 61 followed by a Weinreb ketone synthesis [30] furnished the olefinic ketone 66. The latter was converted into unsaturated ester 67 efficiently via a palladium-catalyzed carbonylation of the vinyl triflate. After cleavage of the dioxolane, tosylhydrazone 69 was formed and ready for the 1,3-dipolar cycloaddition. Gratifyingly, upon exposure to K 2 CO 3 , 69 underwent the cycloaddition smoothly to give the advanced intermediate 60 [31] . The anticipated ring contraction was realized by a lightinduced decomposition of pyrazoline to cyclopropane [32] , leading to the echinopine framework 70 in 66% yield. After hydrolysis of the ester to carboxylic acid in 70, the synthesis of echinopine A (1) was completed through an Arndt-Eistert homologation process [33] , while echinopine B (2) was obtained by further methylation. The Liang group demonstrated a new entry to the cis-fused bicyclo[5.3.0]decane system from an aldol-Henry cascade reaction followed by a Tiffeneau-Demjanov rearrangement. This critical building block was ultimately elaborated to echinopines by a 1,3dipolar cycloaddition with subsequent light-induced ring contraction. The crucial 1,3-dipolar cycloaddition between diazo alkane and alkene functionalities established the structural complexity rapidly, representing its second application in natural product synthesis [34] .
Misra's formal synthesis of echinopines
For a given molecule, there can be various ways for bond disconnection. In the case of echinopines, aside from the aforementioned synthesis, Misra et al disclosed a distinct strategy very recently [10] . The target sesquiterpenoids could be accessed from intermediate 12 according to Magauer et al [4] , in which the five-membered ring could be forged by a radical cyclization of compound 71 (Scheme 13). The crucial bicyclo[4.2.1]nonane core could in turn be assembled via a [6π + 2π] cycloaddition of cycloheptatriene tricarbonyl chromium complex 72 and alkyne 73 [35] . After a successful model study showing the feasibility of the [6π+ 2π] cycloaddition/radical cyclization sequence, the authors initiated their efforts towards echinopines A and B. As depicted in Scheme 14, the substituted alkynoate 73 was easily prepared on a multigram scale from alkyne 74 and diazoester 75, by harnessing Fu's C-H insertion method in the presence of catalytic CuI [36] . Under photolytic conditions, the key [6π + 2π] cycloaddition between 72 and 73 proceeded with excellent stereo-and regioselectivity, leading to the bicyclic intermediate 76 in 71% yield. Next, desilylation followed by treatment with 1,1'-(thiocarbonyl)diimidazole (78) afforded thioxoester 79 smoothly. Thus, the stage was set for the radical cyclization. After screening of the conditions, it was found that slow addition of the n-Bu 3 SnH/AIBN mixture to the refluxing solution of 79 ultimately gave the desired product 12 in 61% yield. Synthesis of the known tricyclic intermediate 12, which was previously prepared by Magauer and co-workers, represents a new formal synthesis of the echinopine sesquiterpenoids.
As mentioned above, Misra et al. have accomplished the formal synthesis of echinopines A and B in an extremely concise manner, by reaching the known intermediate 12 in only five steps. Remarkably, the utility of a photo-induced [6π + 2π] cycloaddition to construct the bicyclo[4.2.1]nonane system was of great significance to this synthesis.
Conclusions
The echinopine sesquiterpenoids have attracted the attention of synthetic laboratories worldwide, being reflected in the chemical synthesis published almost each year since the report of their isolation. The major achievements have been highlighted in this review, which illustrate the evolution of creative strategies and applications of modern chemical methodologies. We hope the endeavors in this field will not only serve to enrich our education in synthesis design and execution, but also as the launching point for a better understanding of the biological activities and medicinal profiles of these intriguing compounds.
